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 A novel method for assessing bio-aggregate composites is proposed.
 2D and 3D image analysis used to assess aggregate orientation.
 Specimens of hemp-lime found to have a strong anisotropic internal structure.a r t i c l e i n f o
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Internal structurea b s t r a c t
The thermal and mechanical properties of bio-aggregate concretes are known to be anisotropic. This is
assumed to be the result of an orientated internal arrangement of particles; the internal structure of other
aggregate composite materials is known to be a determiner of physical properties and has been the focus
of much study. Despite this the internal structure of bio-aggregate concretes has to date only been con-
sidered qualitatively. This work presents a novel method for the assessment of the internal structure of
bio-aggregate concretes through the application of image analysis. Results are presented for the assess-
ment of hemp-lime specimens and demonstrate a significant anisotropy within the material. These
results account for anisotropic thermal and mechanical behaviour observed elsewhere and demonstrate
the importance of the internal structure in determining the properties of these materials. This innovative
technique represents a significant breakthrough in the search for optimisation of the performance of
renewable, low carbon insulation materials. This class of materials is critical to the sustainable future
of the construction industry.
 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Bio-aggregate concretes (BAC) are formed by combining crop
based aggregate, mineral binder and water. Hemp-lime, produced
from the chopped up stalk (shiv) of the hemp plant, is one of the
most best known but other examples include wood chips, sun-
flower plant stems [1] and flax plant stems [2]. As a result of the
photosynthetically used carbon dioxide embodied within the plant
materials, BACs have very low embodied carbon [3–5] as well as
favourable thermal properties for use in building envelopes,
including low thermal conductivity and high heat capacity [6–9].
To produce BACs the mixed constituents are cast into formwork
or spray applied onto a substrate. Both processes apply a unidirec-
tional compacting force to the wet material: tamping or deliberate
compaction in the case of cast and force of projection in the case ofsprayed. As bio-aggregate particles are often elongated in form,
this compacting force is considered by most to have significant
influence on their arrangement, the elongated particles tending
towards stratified planes that are perpendicular to compacting
force [10,11].
The anisotropic arrangement concept is supported by observa-
tions of some physical properties. Nguyen [12] measured the ther-
mal conductivity of cast-compressed hemp-lime specimens both
parallel and perpendicular to the compacting force and found up
to a 30% higher thermal conductivity in the perpendicular direc-
tion. Other work has reported similar findings for cast-tamped
material [13] and sprayed material [14]. In all cases the observa-
tions were attributed to the internal structure, in which the strat-
ified planes are opposing the transverse heat transfer.
The compressive behaviour of BACs has also been studied with
respect to orientation of the bio-aggregates. Previous studies have
observed that the peak compressive strength of these materials is
higher when loaded parallel to the compacting force however the
Nomenclature
Symbols
xi, yi, zi the location of a given pixels/voxels within any given
shape comprising n connected pixels/voxels
mpqr the global image moments of a given shape comprising
n connected pixels/voxels
upqr the central image moments of a given shape comprising
n connected pixels/voxels
x; y; z the location of the centroid of any given shape compris-
ing n connected pixels/voxels
hxy; hyz; hzx the orientation of the principle axis of the best fit el-
lipse for any given shape comprising n connected pixels/
voxels
f the frequency of particles observed at a given orienta-
tion
n experimentally derived constant
46 J. Williams et al. / Construction and Building Materials 116 (2016) 45–51compressive stiffness is lower [15–17]. Additionally the material
has been observed to fail in a more brittle manner when loaded
perpendicularly. Fig. 1 shows the average compressive stress/strain
plots of three 150 mm cube specimens of hemp lime and highlights
this difference in behaviour that can be attributed to the internal
structure – the strata providing differing transverse and parallel
load paths.
Studies of other particulate composite materials such as asphalt
[18,19] and soil [20], have demonstrated that the arrangement of
the internal structure in these cases is one of the contributing fac-
tors for the global properties and a cause of anisotropic behaviour.
Despite this, and the observation of anisotropic properties, there
has, to the authors’ knowledge, been no attempt to measure the
internal structure of bio-aggregate concretes, for orientation or
for any other parameter.
In order to test the hypothesis of compaction generating strata
within bio-aggregate concretes, this paper outlines an image anal-
ysis method for the statistical assessment of particle orientation
within cast material. The method is based on established methods
for other materials as well as image analysis methods already in
use for the study of the size distribution of bio-aggregate particles.
Results are reported from the application of this method to three
variants of the bio-aggregate concrete hemp-lime.Table 1
Properties of hemp shiv.
Bulk density
(kg m3)
Particle length (mm) Particle width (mm)
Mean particle
length (mm)
Standard
deviation
Mean Standard
deviation
108 5.56 5.49 1.55 1.33
100m
as
s 2. Methodology
2.1. Materials and specimen production
All the specimens considered in this work were produced using hemp shiv
grown in the UK the properties of which are presented in Table 1. The particle size
distribution of bio-aggregates length and width can be determined by two dimen-
sional digital image analysis as established by others [21]. A 20 g sample of shiv was
assessed in this way with the results presented in Fig. 2. The results presented inPerpendicular 
Parallel 
Fig. 1. Stress strain plots for perpendicular and parallel loaded hemp-lime cubes
produced with a ratio of 16% hemp, 36% binder and 48% water and cast in three
layers of 0.66 kg with vertical compaction applied between each layer.Table 1 and Fig. 2 indicate that the material used in this study is comparable to that
used widely elsewhere in the literature and that the shiv particles can be consid-
ered to be of elongated form.
The binder used was pre-formulated for hemp-lime construction. The specific
formulation of the binder is not declared by the manufacturer, however it is
believed to be mainly hydrated lime with additional pozzolanic additives and
cement.
To produce the composite material the constituents were mixed in a revolving
pan mixer by first slaking the binder with the water and then adding the hemp and
further mixing until uniformly combined. For each specimen a set mass of material
was tamped into a 150 mm cube mould fitted with a collar to allow for initial over-
filling. Three variations of material, standard, light weight and compact, were used
in the study Table 2. The standard mix represents an industry standard hemp-lime
formulation for walling applications. The light weight mix represent a material with
the same proportion of hemp per unit volume but a lower binder content; the com-
pacted mix represents a higher density version of the standard mix but with the
same binder to aggregate ratio.2.2. Image analysis
Image analysis is the process of imaging a material either in two or three
dimensions and then using analysis conducted on the image to extract meaningful
data. In this application the required outcome was to gauge if a preference of orien-
tation is present in the particles of the material and the process utilised was as
follows:0
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Fig. 2. Particle size distribution of hemp shiv as obtained by two dimensional image
analysis of a 20 g sample.
Table 2
Hemp-lime mixture variations.
Mixture Aggregate
(bulk%)
Binder (bulk%) Water (bulk%) Paste (%) Wet mass of
specimen (kg)
Estimated Porosity
(Fresh state%)
Average dry
density (kgm3)
Mass Vol Mass Vol Mass Vol Mass Vol
Standard 16 56 36 23 48 21 84 32 2.00 66 284
Light weight 21 64 36 20 43 16 79 25 1.48 84 353
Compacted 16 56 36 23 48 21 84 32 2.41 60 422
Fig. 3. Left to right: original VD image, image passed through median filter, image passed through threshold filter.
Table 3
Image enhancement and filtering settings trialled, those deemed most appropriate identified in bold.
Process ImageJ settings Avizo Fire 8 settings
Median filter Radius (pixels): 5, 10, 15, 20, 25, 30 Iterations: 5, 6, 7
Colour threshold lower boundary 8 bit hue value: 10, 12, 14, 16, 18, 20 32 bit float intensity value: 4, 5, 6 (basic mix) 4,
4.5, 5 (light mix) 6, 7, 8 (compacted mix)
Colour threshold upper boundary 8 bit hue value: 50 32 bit float intensity value: 28, 29, 30 (basic mix)
8, 8.5, 9 (light mix) 28, 29, 30 (compacted mix)
Opening algorithm Iterations: 1, 2, 3, 5, 10, 15, 20, 25 Radius (voxels) 1, 2, 3
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 segregate out the shiv;
 identify and measure the orientation of the particles;
 perform a frequency analysis of the population.
Similar methods, but for the study of other materials, have already been devel-
oped and were used as a reference for application to bio-aggregate concretes. These
include asphalt [22,23], soil [20], fibre reinforced concrete [24,25] and fibre board
[26,27]. Image analysis has also been applied to investigate the size distribution
of bio-aggregate particles [21] and was used as an additional reference. Two meth-
ods of imaging were considered within the study in order to provide comparison
and validate results: visual digital imaging (VD imaging) and computer tomography
scanning (CT scanning).
VD imaging is conducted by taking physical sections of the material and imag-
ing the exposed face using a digital camera or flat-bed scanner. An advantage of this
method is its low cost however it is a destructive method and requires imaging in
several orientations in order to assess the three dimensional topology. Further dis-
advantages specific to use with BACs are the similar colouring of the particles and
binder and the large number of voids that makes visual differentiation of compo-
nents difficult.
In this study, pairs of specimens were VD imaged, one parallel to compacting
force and one perpendicular. Each specimen was sectioned into six 150 mm square
slices using a band saw. To improve the visual contrast between material and voids,
the slices were submerged in a low viscosity coloured resin. Once cured, the faces
were sanded to remove excess and scanned with a flatbed scanner at a resolution
of 2400 dpi. To improve contrast between the binder and the hemp, a coloured pig-
ment was added to the binder during the specimen production at a dose of 10 g per
specimen.
CT scanning is an established method of imaging the internal structure of mate-
rials producing a map of the X-ray absorbance within the material, a property clo-
sely linked to density. Advantages of this method are that it is non-destructive and
produces a three dimensional image of the material. It is however expensive in
comparison to VD imaging and the contrast within the parameters it measures can-
not be enhanced by physical pre-treatments.Within this study all CT scans were taken using a Nikon XTEK, XTH 225 ST CT
scanner set to 165 kV and 165 lA. The data were recompiled into a three dimen-
sional volume using Avizo Fire 8.2.3. Segregation
To identify the shiv within the images, two image filters with successful prece-
dents for other materials [23,28,29] were applied: a median filter and a threshold
filter. The same processes were implemented for both two dimensional and three
dimensional images, however differing programs and settings were used due to
the differing image formats. ImageJ and Avizo Fire 8 were used for the two dimen-
sional and three dimensional images respectively.
A median filter replaces each two dimensional pixel’s, or three dimensional
voxel’s, value with the median of those within a specified radius [30,31]. This has
the result of smoothing the image and removing anomalies Fig. 3. A threshold filter
is used to segregate the smoothed image. Each pixel/voxel is in turn assessed
against a set of criteria in order to produce a binary image [30,31]. Careful selection
of the criteria enables the identification of a single component and in this case was
used to identify the shiv Fig. 3.
Both the median filter and threshold filter applied by each program are con-
trolled by operator assigned settings. The nature of these settings differs between
the two programs used, however, in both cases their selection will have a bearing
on the analysis results. To assess the sensitivity of the analysis to the choice of set-
tings used, a sensitivity analysis was undertaken on a single image from each imag-
ing method. The range of settings considered for each of the imaging methods is
presented in Table 3.2.4. Identification and measuring orientation
Within the binary images, particles are considered to be regions of intercon-
nected positive pixel/voxels. Due to the close proximity of particles and the limited
resolution of the images, there are regions where several aggregates may be
Fig. 4. Left to right: thresholded image, image passed through opening algorithm, image assessed for particles and represented as best fitting ellipses.
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48 J. Williams et al. / Construction and Building Materials 116 (2016) 45–51misinterpreted as a single particle due to touching areas. To help mitigate the
extent of misinterpreted particle groups, an opening algorithm was applied to the
images prior to final assessment Fig. 4.
Opening algorithms selectively remove and then add additional positive pixels
or voxels based on the values of those around it [30,31]. These are commonly used
at this stage of image analysis in order to clean the images and help remove bridges
between adjoining particles. As the opening algorithm in both cases was controlled
by a user assigned setting, again a range of settings was trialled with details given in
Table 3.
To measure the orientation of the identified particles, inbuilt tools within the
respective programs were used. The process in both cases is based on calculation
and interpretation of the first and second order image moments and is detailed fully
elsewhere [32,33]. For each group of n connected pixels/voxels, the global first and
second moments are calculated:
mpqr ¼
Xn
i¼1
xpi y
q
i z
r
i ð1Þ
The central second moments: u200, u020, u002, u011, u101, and u110 and the
centroid coordinates can then be determined:
upqr ¼ mpqr m
p
100m
q
010m
r
001
m000
ð2Þ
x ¼ m100
m000
ð3Þ
y ¼ m010
m000
ð4Þ
z ¼ m001
m000
ð5Þ
By equalising the second moments and centroid of the particle with that of an
ellipse or ellipsoid, the best fitting ellipse or ellipsoid can be determined Fig. 4. This
enables a consistent measurement of geometrical properties of particles despite
their irregular shapes. The orientation of the principal axis of the ellipse or ellipsoid
was used as the measure of particle orientation and can be found in each 2D plane:
hxy ¼ 12 tan
1 2u110
u200u020
 
ð6Þ
hyz ¼ 12 tan
1 2u011
u020u002
 
ð7Þ
hzx ¼ 12 tan
1 2u101
u002u200
 
ð8Þ0
0.5
Median filter
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hue)
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Opening 
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(itterations)
Fig. 5. The value of the constant n obtained using differing enhancement setting
with 2D images.2.5. Frequency analysis
For visual digital imaging, twelve images were produced for each mix: six taken
parallel to compaction and six perpendicular. For each mix a cumulative frequency
distribution was produced in each direction for the total particle population from all
six slices. In the case of CT scanning, one image was taken per mix with two values
of particle orientation measured that equate to the same parallel and perpendicular
viewpoints. For each mix a cumulative frequency distribution was produced in each
direction for the total particle population of the image. In both cases only particles
above a minimum size of 1 mm2 and 1 mm3 respectively were considered. The data
from both imaging methods were manipulated to give an orientation scale of
between 0 and 90which represent horizontal and vertical alignment in the image
plane respectively.3. Results
3.1. Sensitivity to image enhancement parameters
The perpendicular frequency distributions obtained from one
image but using the range of parameters provided in Table 3 were
compared. In each instance a version of the Hankinson equation
[34], Eq. (9), was fitted to the distribution using a least squares
approach and the determined values of f0, f90 and n used as indica-
tors by which to compare the distributions. Hankinson’s equation
was originally developed for modelling the compressive stress of
spruce with respects to orientation of the grain but has since been
developed for modelling other properties of timber as well as wood
based particle composite boards [35–37]. Hankinson’s equation
was selected due to strong similarities between distribution forms
observed in this study and those where the equation has been pre-
viously applied. In addition the boundary criteria, f0 and f90, enable
the distribution to be applied both to the 2D images, where a lower
bound frequency can be observed, as well as the 3D images. To the
author’s knowledge Hankinson’s equation has not previously been
used to model frequency of orientated particles/fibres however the
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Fig. 6. The value of the constant n obtained using differing enhancement setting with 3D images.
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same ‘‘Hankinson” form has been used successfully [38].
f ¼ f 0f 90
f 0 sin
n hþ f 90 cosn h
ð9Þ
The values of n, for differing enhancement parameters, are pre-
sented for the standard mix in Figs. 5 and 6. for two dimensional
and three dimensional images respectively. The values of f0 and
f90 with respect to the enhancement parameters, while not shown,
exhibit similar patterns and the same pattern was found in all
three mix designs.
In Figs. 5 and 6 it is evident that the enhancement parameters
can have a significant influence on the value of n and therefore
the distribution produced; for the visual digital imaging method
it was determined that the range of parameters considered was
able to effect a 10% variation in the peak frequency of the distribu-
tion. The opening algorithm can be seen to be the most onerous
process and the smaller number of opening algorithm variations
considered in the CT data is the likely reason for the smaller spread0
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Fig. 7. Frequency distribution of particle orientation produced using two dimensional i
right.of results in this case. When the opening algorithm iterations are
restricted to under three iterations for the digital visual image data,
the variation in peak frequencies is reduced to 2.4% and is compa-
rable to the variation in the CT images.
In order to select appropriate parameters to use for the full
assessment, the enhanced images from the sensitivity study were
compared against the original images by eye. This was conducted
using a ‘‘winner stays on” system whereby two images were com-
pared to the original with the one judged least effective at identi-
fying hemp particles being replaced. The process was continued
until all permutations had been considered. The parameters iden-
tified as most appropriate by this method are identified in Table 3.3.2. Particle orientation frequency analysis
The particle orientation frequency distributions from VD imag-
ing using the enhancement and filtering setting identified in
Table 3 are presented in Fig. 7. The resulting distributions, viewing
both perpendicularly and parallel to the direction of compacting0
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Fig. 8. Frequency distribution of particle orientation produced using CT imaging. Perspective perpendicular to compaction, left, and parallel to compaction, right.
50 J. Williams et al. / Construction and Building Materials 116 (2016) 45–51force, are shown as are the distributions produced from all three
mixes. Eq. (9) has been fitted to the data in using a least squares
approach each case to aid comparison. The equivalent distributions
produced using CT imaging are presented in Fig. 8.4. Discussion
4.1. Comparison of material in opposing directions
From Figs. 7 and 8 it can be seen that the frequency distribution
of particle orientations viewed parallel to compacting force is flat:
indicative of a random distribution and suggests the structure is
isotropic in this plane. Conversely, in the perpendicular plane,
the frequency distribution of particle orientations is strongly
swayed. This indicates a preference of orientation within the pop-
ulation and is therefore suggestive that the material’s structure is
anisotropic in this plane.
The finding of both an anisotropic and isotropic distributions in
contrasting directions is supportive of the hypothesis that com-
paction force produces a preferential orientation [10,12]. A clear
tendency is observed in all specimens for the major axis of the par-
ticles to tend towards horizontal planes, perpendicular to the com-
paction force. This observation concurs with, and provides an
explanation for the observations of others that several physical
properties of bio-aggregate composites exhibit anisotropic beha-
viour with respect to the direction of compaction force [15–17].
4.2. Comparison of materials produced using differing formation
variables
In the perpendicular perspective, a consistent difference
between distributions produced from the differing mixes is present
in the results from both methods. The light mix is observed to have
the lowest maximum frequency and highest minimum frequency;
the compacted mix is observed to have the highest maximum fre-
quency and lowest minimum frequency.
A possible interpretation is that the overall degree of orienta-
tion is higher in the compacted material and lower in the low den-
sity material compared to the standard mix. This is logical in the
case of the compacted mix where the ratio of constituents was
the same but level of compaction was known to be higher. For
the light weight mix, the density of hemp in the material was con-
trolled to be the same as the standard mix and this was assumed to
indicate a similar compaction level and thus the cause of the
apparently lower degree of orientation in the case of the light-
weight mix can therefore not be attributed to compaction. Alter-
nately it is proposed that the aggregate volume fraction may be adetermining factor in the degree of orientation; a lower volume
of aggregates producing a higher level of inter-particle porosity
and increasing the ability of particles to rotate under compaction.
It is considered likely therefore that both compaction and aggre-
gate volume fraction will impact the degree of orientation and fur-
ther experiments to investigate the impact of both variables on the
internal structure are proposed.
The observed difference between the frequency distributions
from the three mixes is noted to fall within the difference obtained
using differing image enhancement settings and highlights the
importance of using consistent settings for comparing material. A
consistent set of enhancement settings was used across all speci-
mens analysed with VD imaging and so removes this as a source
of uncertainty in this case. The variation observed in the perpen-
dicular perspective was also noted to be of greater magnitude than
those observed in the parallel perspective. This indicates that the
observations in the perpendicular perspective are within the natu-
ral variation of the population and therefore the observation that
there are differing degrees of orientation, while promising, is sta-
tistically insignificant and undermines any firm conclusions at this
stage.4.3. Comparison of digitisation methods
The frequency distributions produced by the VD imaging Fig. 7,
are observed to be of the same general form of those produced
using CT images Fig. 8. In each case the parallel perspective has
produced a relatively level distribution with all frequencies
approximately between 9% and 14%. In the perpendicular perspec-
tive both methods have indicated a swayed distribution towards
the horizontal with a similar form in both cases. In both cases
the ordering of the mixes, least to most orientated, is the same. A
smoother frequency distribution was found using the CT images
as opposed to the VD imaging and is attributed to the larger overall
population of particles measured.
In the perpendicular view, the CT generated images have, in all
variations of material, yielded distributions with a consistently
higher frequency range. This difference is attributed to the differ-
ing nature of the methods; VD imaging analysis measures a ran-
dom section through each particle while CT scan analysis
measures the whole particle and indicates that a consistent
method must be adopted for the comparison of material.
The strong correlation between the results from both methods
provides a high level of confidence in the results. VD imaging con-
ducted in two planes is considered sufficient to infer the three
dimensional structure of the material and, due to the lower costs,
J. Williams et al. / Construction and Building Materials 116 (2016) 45–51 51is considered to be the more practical of the two methods for larger
samples of material.5. Conclusion
In this work the novel application of image analysis methodol-
ogy for the assessment of the internal structure of bio-aggregate
concretes was trialled. It was shown that similar results are obtain-
able using two differing methods of imaging: CT scanning and VD
imaging. This indicates that both procedures are capable of produc-
ing reliably analysable images and that image analysis is a suitable
method for the assessment of these materials.
The results in this study support the established theory that
these materials have an orientated internal structure that is deter-
mined by the direction of any compacting force. A consistent dif-
ference was also observed between materials constructed in
differing ways and, while this was within the natural variation of
the results, indicates that the production method is likely to deter-
mine the degree of orientation.
This study demonstrates that image analysis is a reliable and
repeatable method of assessing the internal structure of bio-
aggregate concretes. This will facilitate the development of models
which will better predict the impact of construction processes on
the mechanical and hygrothermal properties of these materials,
leading to the potential optimisation of their performance. Addi-
tional work is required to establish the exact way in which con-
struction processes influence the internal structure of bio-
aggregate concretes in order to utilise this aspect of the material.Acknowledgements
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